Introduction
============

The key biological processes leading to the formation of highly aggressive and metastatic ovarian cancer recurrences are not clearly understood, stressing the need for both an improved understanding of disease resistance as well as effective treatment options for relapsed cancers that are both phenotypically and biologically heterogeneous.^[@bib1; @bib2; @bib3]^ Individual ovarian tumors show distinct subareas of proliferation and differentiation, often with regions undergoing epithelial-mesenchymal transition, where cancer initiating cells (CICs) have the capacity to indefinitely self-renew and sustain tumor growth.^[@bib4]^ It is thought that CD44^+^ CICs are able to survive conventional chemotherapies, giving rise to recurrent tumors that are more resistant and aggressive.^[@bib4],[@bib5]^ The presence of CD44^+^ ovarian cancer cells has been correlated with chemoresistance to a front-line treatment with paclitaxel (PTX) and carboplatin (CBDCA) associated with induction of molecular modifications in the pre-existing CICs.^[@bib6],[@bib7]^ Given the heterogeneous nature of the ovarian tumor microenvironment (TME), therapeutic approaches that act across the different subtypes of epithelial ovarian cancer and target both chemoresistant cancer cells and the TME that promotes tumor growth would be of clear benefit. Additionally, as the presence of tumor-infiltrating CD8^+^ T lymphocytes and a high CD8^+^/regulatory T cell (Treg) ratio are associated with improved survival in patients with ovarian tumors,^[@bib8; @bib9; @bib10]^ it is imperative that newly developed treatments also initiate or enhance antitumor immune responses that promote durable tumor control.

Oncolytic viruses (OVs) including vaccinia (OVV) mediate anticancer effects by both direct oncolysis and stimulation of innate immune responses through production of damage-associated molecular patterns and the presence of virus-derived pathogen-associated molecular patterns,^[@bib11],[@bib12]^ leading to increased Type 1 IFN production.^[@bib13],[@bib14]^ Additionally, OVV-mediated oncolysis may facilitate the direct acquisition of tumor-derived antigens by host antigen-presenting cells within the TME, thereby leading to improved T cell priming as well as coordination of the effector phase of antitumor immune responses. A currently initiated clinical trials of GL-ONC1 vaccinia virus against high-grade serous, endometrioid, or clear-cell ovarian cancer which includes: (i) platinum-resistant (recurrence or progression in \< 6 months) or (ii) platinum-refractory (progression while on platinum-based therapy) (NCT02759588), emphasizes the unmet medical need to develop new therapies that are effective in patients that do not respond to chemotherapy. Furthermore, such studies are vital to understanding the mechanisms of action of OVV-based treatments that may, in turn, guide the development of rational combination therapies for future clinical trials.

In addition to a direct effect of oncolytic virotherapy on drug-resistant malignant cells, the interaction of cancer cells with their microenvironment, which protects the malignant cells from genotoxic stresses such as chemotherapy, is an attractive target to improve anticancer treatment. Several lines of evidence indicate that activation of the chemokine CXCL12 pathway increases tumor resistance to both conventional therapies and biological agents by: (i) directly promoting cancer cell survival, invasion, and the cancer stem and/or tumor-initiating cell phenotype; (ii) recruiting "distal stroma" (*i.e.*, myeloid BM-derived cells) to indirectly facilitate tumor recurrence and metastasis; and (iii) promoting angiogenesis directly or in a paracrine manner.^[@bib15],[@bib16]^ These findings suggest that anticancer efficacy can be greatly improved by inhibiting the CXCL12/CXCR4 axis prompting us to test the feasibility of targeting PTX- and CBDCA-resistant variants of murine ID8-R and human CAOV2-R ovarian cancer cells using the armed OVV ((*i.e.*, expressing the CXCR4 antagonist in-frame with the Fc portion of murine IgG2a (OVV-CXCR4-A-Fc)) alone or in combination with doxorubicin (DOX). The latter drug was chosen for the combination treatment because the pegylated liposomal doxorubicin (PLD) has become a major component in the routine management of epithelial ovarian cancer used for treatment of platinum-resistant ovarian cancer.^[@bib17]^ Furthermore, as T-cell exclusion from tumors is associated with low expression levels of Type 1 IFN associated genes,^[@bib18]^ increased expression of these genes during OVV infection may improve the impact of responses to anthracycline (*i.e.*, DOX)-based chemotherapy,^[@bib19]^ and could potentiate the antitumor immune response by enhancing local infiltration of inflammatory cells following infection. Although DOX-based chemotherapy has been previously showed to synergize with oncolytic adenovirus against soft-tissue sarcomas in hamsters, the virus did not provide a clear advantage over DOX alone with regards to *in vivo* efficacy perhaps because the hamster model is only semipermissive to human adenovirus.^[@bib20]^ Using different delivery modes of OVV and DOX, we show that OVV delivered prior to DOX treatment elicited a multifaceted response resulting in a synergistic increase involving direct oncolysis of the resistant variants, a decrease in intratumoral recruitment of immunosuppressive elements, and stimulation of antitumor immunity that led to curative inhibition of tumor growth. These outcomes were most apparent following treatment with OVV-CXCR4-A-Fc, demonstrating that armed oncolytic virotherapy can further modulate the antitumor immune response.

Results
=======

Increased susceptibility of PTX- and CBDCA-resistant ovarian tumor cells to vaccinia virus infection
----------------------------------------------------------------------------------------------------

To investigate strategies for effective killing of drug-resistant ovarian tumor cell variants, we used PTX- and CBDCA-resistant murine ID8-R and human CAOV2-R ovarian tumors selected for drug resistance and maintained in media supplemented with PTX (59 nmol/l) and CBDCA (2.6 µmol/l). At these drug concentrations, the resistant variants exhibited small decreases in growth rates compared with their parental tumor cells ([Supplementary Figure S1](#xob1){ref-type="supplementary-material"}) and expressed over twofold higher levels of CD44 antigen in both ID8 (mean fluorescence intensity (MFI): 30 ± 4 versus 12 ± 2) and CAOV2 (MFI: 225 ± 15 versus 126 ± 13) when compared with parental cell cultures ([Figure 1a](#fig1){ref-type="fig"}). Expression of the CXCR4 receptor was also elevated in the resistant compared with the parental variants of ID8 (MFI: 24 ± 3 versus 11 ± 1) and CAOV2 (MFI: 36 ± 5 versus 16 ± 2) cells ([Figure 1b](#fig1){ref-type="fig"}). Consistent with the increased CD44 and CXCR4 expression and their association with the ovarian CIC-like phenotype,^[@bib21],[@bib22]^ ID8-R and CAOV2-R variants exhibited higher tumorigenicity when injected in exponentially smaller numbers intraperitoneally (i.p.) into syngeneic or SCID mice, respectively. As shown in [Table 1](#tbl1){ref-type="table"}, a minimum of 5 × 10^6^ ID8-P cells was required to consistently initiate i.p. tumor growth in all inoculated mice within a 8-week period, whereas injection of 4% of that number formed ID8-R tumors within a much shorter period of time. Similar results were obtained with the parental and CAOV2-R tumors in SCID mice where the number of resistant cells necessary to form i.p. tumors was only 40% of the required number of parental cells ([Table 1](#tbl1){ref-type="table"}).

Infection of the resistant variants with oncolytic vaccinia virus expressing the enhanced green fluorescence protein (OVV-EGFP) at multiplicity of infection (MOI) of 1, showed over twofold increase in the number of EGFP^+^ cells 24 hours after infection ([Figure 1c](#fig1){ref-type="fig"},[d](#fig1){ref-type="fig"}) and resulted in higher viral titers than those recovered in the parental cultures ([Figure 1e](#fig1){ref-type="fig"}, *P* ≤ 0.01). In line with evidence that Akt^[@bib23]^ and MEK/ERK^[@bib24]^ pathways augment vaccinia replication,^[@bib25]^ Western blotting of ID8-R cellular lysates revealed 2- and sixfold higher Akt phosphorylation levels at S473 and T308 as well as sixfold higher ERK1/2 phosphorylation compared with the parental cells ([Figure 1f](#fig1){ref-type="fig"}). In CAOV2-R variants, the level of Akt(S473-P) showed small increases in contrast to 26-fold higher expression of pERK1/2 compared with parental cells ([Figure 1f](#fig1){ref-type="fig"}).

Cytopathic effects of OVV and DOX combination treatments
--------------------------------------------------------

Next, we examined whether cytopathic effects of vaccinia virus could be augmented by DOX treatment using a 72-hour cell viability assay with serial dilutions of OVV-EGFP and DOX added alone or in combination to the parental and drug-resistant variants of ID8 and CAOV2 cells. As expected based on the higher infection and replication rates of vaccinia, ID8-R variants were more susceptible to the lytic effect of vaccinia than the parental cells based on fivefold less virus needed to achieve 50% killing (EC~50~) ([Figure 2a](#fig2){ref-type="fig"}, left panel). Similarly, CAOV2-R cells were fourfold more sensitive to the vaccinia-mediated killing than the parental cells ([Figure 2a](#fig2){ref-type="fig"}, right panel). However, the sensitivity profile of drug-resistant variants to DOX-mediated killing was opposite to that of the virus. For example, the IC~50~ values for ID8-R cells were \~10-fold higher compared with the parental cells (*P* = 0.0003; [Figure 2b](#fig2){ref-type="fig"}, left panel). The increased resistance to DOX was also evident in CAOV2-R cells ([Figure 2b](#fig2){ref-type="fig"}, right panel) with threefold differences in the IC~50~ values between the resistant and parental cells (*P* = 0.04). The increased cross-resistance of ID8-R and CAOV2-R variants compared with their parental counterparts could be attributed to higher proportions of the "side population" (SP) cells in the resistant variants whose intrinsic dye efflux export many cytotoxic drugs and enhance resistance to chemotherapeutic agents.^[@bib26],[@bib27]^ Staining with fluorescence dye Hoechst 33342 showed threefold to fivefold higher proportion of Hoechst^low^ SP cells in ID8-R and CAOV2-R cells compared with the parental cells (range: 0.3--1.5% versus 2.9--5.6%; [Supplementary Figure S2a](#xob1){ref-type="supplementary-material"}). Culturing the tumor cells in the presence of DOX (3 µmol/l) showed that the initial growth rates of the resistant variants in the presence of DOX were lower compared with those in PTX (59 nmol/l) and CBDCA (2.6 µmol/l) with over 90% dead cells after a 1-week period ([Supplementary Figure S2b,c](#xob1){ref-type="supplementary-material"}), indicating that increases in SP cells were not adequate to afford a durable survival advantage in the presence of DOX.

Because both the parental and the resistant cell lines were susceptible to the cytopathic effect of OVV and DOX, albeit with different levels of efficacy, we next asked whether these two therapies could potentially synergize to further enhance tumor cell killing. To determine whether the sequence of the treatments was important, the parental and resistant cells were treated with different concentrations of DOX added 12 hours after, simultaneously, or 12 hours before the virus used at the EC~50~ titers. As shown in [Figure 2c](#fig2){ref-type="fig"},[d](#fig2){ref-type="fig"} (left panel), treatment of both variants with vaccinia for 12 hours prior to DOX revealed the highest cytopathic effect compared with monotherapy treatments. However, the effect was less prominent in the parental cells than in the resistant variants reflecting the low susceptibility of these cells to vaccinia infection and high sensitivity to DOX. On the other hand, \~80% of cell death was achieved in both ID8-R and CAOV2-R cultures even at concentrations of DOX that had small cytopathic effects when used alone, indicating a synergistic interaction between these two agents in cell-mediated killing of resistant cells. The simultaneous treatment with both agents appeared to be less than additive ([Figure 2c](#fig2){ref-type="fig"},[d](#fig2){ref-type="fig"}, middle panel), whereas treatment of tumor cells with DOX prior to infection inhibited viral killing ([Figure 2c](#fig2){ref-type="fig"},[d](#fig2){ref-type="fig"}, right panel). Thus, the over fivefold difference in cytopathic effects between the most and least effective combination treatments (*e.g.*, OVV followed by DOX versus DOX followed by OVV) in the resistant cultures compared with only twofold difference in the parental counterparts suggest that the chemosensitivity profile of tumor cells affects efficacy of the OVV and DOX delivery. The reduced viral replication in the presence of DOX is consistent with threefold and 10-fold decreases in viral titers in CAOV2-R and ID8-R cultures treated with DOX 12 hours following vaccinia infection compared with virus infection alone ([Supplementary Figure S3a](#xob1){ref-type="supplementary-material"}). Also, Western blotting of the infected and DOX-treated cultures with vaccinia-specific serum revealed lower expression of viral antigens compared with cells infected in the absence of the drug with more prominent differences in ID8-R cells ([Supplementary Figure S3b](#xob1){ref-type="supplementary-material"}).

Protection against ID8-R metastases by single and combination treatment with OVV and PLD
----------------------------------------------------------------------------------------

To effectively test the multiple mechanisms of synergy between OVV and DOX treatments, we next examined whether the effect of DOX on tumor cell killing *in vitro* could be translated to the orthotopic growth of ID8-R and CAOV2-R tumors in syngeneic and SCID mice, respectively. For the *in vivo* experiments, DOX was replaced with its pegylated liposomal form known as PLD whereas OVV-EGFP was replaced with the Fc portion of murine IgG2-expressing vaccinia virus (OVV-Fc) because the immune response against EGFP in infected mice could alter the treatment efficacy.^[@bib28]^ Both OVV-EGFP and OVV-Fc have similar effects on tumor cell killing ([Supplementary Figure S4](#xob1){ref-type="supplementary-material"}). ID8-R cells (2 × 10^5^) were injected i.p. into syngeneic C57BL/6 mice and treated 10 days later with PLD or OVV-Fc delivered as single agents or in combination. PLD (10 mg/kg) was delivered i.v. whereas vaccinia viruses (10^8^ plaque forming units (PFU)/injection) were delivered i.p. Because the kinetics of vaccinia virus spreading infection in tumor-bearing mice differs from that in cell cultures, with the peak and cessation of viral replication occurring on days 4 and 8, respectively,^[@bib29],[@bib30]^ we used an 8-day interval period between OVV-Fc and PLD treatments to ensure that PLD did not interfere with vaccinia replication ([Figure 3a](#fig3){ref-type="fig"}). Progression of tumor growth, quantified by bioluminescence imaging ([Figure 3a](#fig3){ref-type="fig"},[b](#fig3){ref-type="fig"}) revealed rapid tumor progression in control mice that were killed within 5 weeks after tumor challenge ([Figure 3c](#fig3){ref-type="fig"}). PLD treatment alone was not effective in controlling tumor spread and extended survival by \~1 week compared with the control mice. The antitumor efficacy of OVV-Fc or OVV-Fc delivered after PDL reduced progression of tumor growth by 2 weeks after which period tumor growth continued at a rate similar to that in the control mice. Treatment with OVV-Fc followed by PLD had more potent antitumor activities extending the slower rate of tumor growth and survival for \~ 2 and 4 weeks compared with mice treated with the virus only (*P* \< 0.001) or virus delivered together with PLD (*P =* 0.002; [Figure 3c](#fig3){ref-type="fig"}). Interestingly, the antitumor effect of OVV-Fc and PLD treatments delivered together was similar to that achieved when PLD was delivered 12 hours after the viral infection ([Supplementary Figure S5](#xob1){ref-type="supplementary-material"}), highlighting that a longer time interval between delivery of the two treatments is required to achieve optimal therapeutic benefit.

Immune responses against dying cells after OVV followed by DOX treatment are associated with increased apoptosis and phagocytosis of tumor cells by dendritic cells (DCs)
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To explore cellular mechanisms involved in the synergistic killing of the drug-resistant tumor cells with vaccinia followed by DOX treatment we investigated the induction of tumor cell death by each treatment alone or in combination. The induction of apoptosis and necrosis was investigated in 24 hours cultures of ID8-R tumor cells treated with vaccinia virus at MOI of 1, which roughly corresponds to the EC~50~ titer, or DOX (1 µmol/l) alone or in combination. In the combination treatment, OVV was added 12 hours before DOX and induction of apoptosis/necrosis was analyzed by flow cytometry with Annexin V-FITC and LIVE/DEAD fixable violet. While DOX or vaccinia alone induced apoptosis or necrosis in \~20% of cells, the combination treatment significantly increased early apoptosis (Annexin V^+^ and LIVE/DEAD fixable violet^−^) compared with cultures treated with OVV-Fc or DOX only ([Figure 4a](#fig4){ref-type="fig"},[b](#fig4){ref-type="fig"}; *P* = 0.0008 and *P* = 0.009). Late apoptosis/necrosis (Annexin V^+/−^ and LIVE/DEAD fixable violet^+^) was increased to a lesser extent, altogether reducing the number of viable cells by 70%. Similar results were observed with CAOV2-R cells ([Supplementary Figure S6](#xob1){ref-type="supplementary-material"}). To address the possibility that the viral infection produced a bystander effect by releasing factors capable of sensitizing ID8-R tumor cells to DOX, culture supernatants from uninfected or 24 h-infected ID8-R cultures were filtered and treated with UV and psolaren to remove any infectious virus prior to adding to fresh uninfected cells. OVV treatment-conditioned and virus-negative (CVN) medium, when added to uninfected ID8-R cultures, induced modest increases in early apoptosis but significantly enhanced the effect of DOX ([Figure 4c](#fig4){ref-type="fig"}; *P* = 0.03). This effect could be attributed to IFN-β production which was detected in the CVN medium by enzyme-linked immunosorbent assay (ELISA) (86 ± 13 pg/ml). Treatment with IFN-β blocking antibody reduced the apoptotic activity of CVN medium alone or when combined with DOX, by as much as 80% ([Figure 4c](#fig4){ref-type="fig"}). This finding supports the previously reported ability of Type 1 IFN to enhance anthracycline-based chemotherapy.^[@bib19]^ The viral treatment of ID8-R or CAOV2-R cells followed by DOX was also effective in inducing surface exposure of calreticulin (ecto-CRT) ([Figure 4d](#fig4){ref-type="fig"}) known to enhance immunogenicity of cancer cell death.^[@bib31]^

In view of the established role of surface CRT as an "eat me" signal,^[@bib32],[@bib33]^ we investigated the phagocytosis of the treated tumor cells by BM-derived DCs, which is stringently required for mounting immune response against dying tumor cells.^[@bib34]^ As shown in [Figure 4e](#fig4){ref-type="fig"}, ID8-R tumor cells that received the combination of OVV and DOX were over threefold more efficiently phagocytosed by DCs compared with either agent alone. To test the immunogenicity of tumor cells treated with single agent or combination therapies as vaccines, ID8-R cells exposed to OVV-Fc or DOX alone or in combination were injected into one flank of immunocompetent C57BL/6 mice. The mice were then challenged with live ID8-R cells injected into the opposite flank 8 days later. Protection against tumor growth was interpreted as a sign of successful vaccination and induction of antitumor immunity ([Figure 4f](#fig4){ref-type="fig"}), since such protection was not observed in SCID mice (data not shown). These data suggest that the combination of OVV and DOX led to upregulation of factors associated with immunogenic cell death (ICD) that could potentiate the benefits of direct tumor cell killing by augmenting the induction of antitumor immunity.

Inhibition of i.p. dissemination of ID8-R tumor and improved overall survival by OVV-CXCR4 followed by PLD treatment
--------------------------------------------------------------------------------------------------------------------

Although the combination treatment with OVV-Fc followed by PLD significantly inhibited growth of ID8-R tumor *in vivo* compared with single modality treatments, it did not provide permanent regression. This, together with the accumulating evidence that the chemokine CXCL12 pathway increases tumor resistance to both conventional therapies and biological agents,^[@bib15],[@bib16],[@bib29],[@bib35],[@bib36]^ prompted us to employ an armed virus expressing a CXCR4 antagonist. The antagonist, developed based on the CTCE-9908 peptide analog of CXCL12 (refs. ^[@bib37],[@bib38]^) and expressed in the context of murine (Fc) or human (hFc) fragment of IgG,^[@bib29]^ is capable of binding and inducing apoptosis in \~30% of CXCR4-expressing ID8-R and CAOV2-R cells ([Figure 5a](#fig5){ref-type="fig"} and [Supplementary Figure S7](#xob1){ref-type="supplementary-material"}). Because previous studies have shown efficacy of the CXCR4 antagonist in murine models of metastatic breast and ovarian tumors,^[@bib29],[@bib36],[@bib39]^ we next examined whether a targeted delivery of CXCR4-A-Fc by the virus followed by PLD would lead to improve overall survival of syngeneic mice challenged i.p. with ID8-R tumors. OVV-Fc was used as a control for these studies. Progression of tumor growth quantified by bioluminescence imaging revealed that although each monotherapy decreased tumor growth and metastatic dissemination compared with untreated controls, no single agent treatments alone eliminated tumors ([Figure 5b](#fig5){ref-type="fig"},[c](#fig5){ref-type="fig"}). Treatment with OVV-Fc followed by PLD had more potent antitumor activities extending the slower rate of tumor growth and survival for almost 4 weeks compared with mice treated with the virus or PLD only (*P* \< 0.006). However, oncolytic virotherapy using the armed OVV-CXCR4-A-Fc virus followed by PLD was most effective in inhibiting tumor growth resulting in tumor-free survival in \~20% of ID8-R tumor-bearing mice ([Figure 5b](#fig5){ref-type="fig"},[c](#fig5){ref-type="fig"}). In ID8-R tumor-bearing mice receiving the combined treatment with the armed virus, tumor growth was localized primarily in the omentum with only sporadic metastatic nodules (\>5 mm) present in the peritoneal cavity ([Figure 5d](#fig5){ref-type="fig"}). The metastatic spread of the tumor was more prominent after OVV-Fc than the OVV-CXCR4-A-Fc treatment. In contrast, the control mice or those treated with PLD had metastatic nodules present on the omentum, mesentery, diaphragm, and peritoneal wall.

OVV-CXCR4-A-Fc followed by PLD inhibits tumor-immunosuppressive networks and induces antitumor CD8^+^ T cell responses
----------------------------------------------------------------------------------------------------------------------

Previous studies have shown that virally-delivered CXCR4 antagonist can block the CXCL12/CXCR4 axis involved in tumor progression via enhanced local immunosuppression.^[@bib35],[@bib36],[@bib40]^ Therefore, we next investigated the effect of the single and combination treatments on intratumoral accumulation of neutrophils/granulocytic myeloid-derived suppressor cells (G-MDSCs) and Tregs^[@bib29],[@bib36]^ within the TME. The analysis performed on day 8 after completion of treatments revealed that the inhibition of tumor growth in ID8-R-bearing mice was associated with reduction of intraperitoneal recruitment of G-MDSCs (CD11^+^Ly6G^high^Ly6C^low^) and Tregs (CD4^+^CD25^+^Foxp3^+^) ([Figure 6a](#fig6){ref-type="fig"},[b](#fig6){ref-type="fig"}). Strikingly, the combination treatment resulted in increased frequencies of CD11c^+^CD86^+^ DCs and IL-12-producing CD11b^+^F4/80^+^ inflammatory monocytes/macrophages in the peritoneal fluids of tumor-bearing mice ([Figure 6c](#fig6){ref-type="fig"}). These changes were associated with higher ratios of IFN-γ-producing CD8^+^ to Tregs in the tumor-bearing animals treated with OVV-Fc or OVV-CXCR4-A-Fc followed by PLD as well as the presence of infiltrating tumor-specific CD8^+^ T cells specific for the Wilms' tumor antigen 1 (WT1), a clinically relevant antigen target^[@bib41]^ expressed by ID8-R cells ([Figure 6d](#fig6){ref-type="fig"}--[f](#fig6){ref-type="fig"}). We then adoptively transferred 2 × 10^7^ splenocytes from tumor-free mice with detectable WT1-specific T cell responses to ID8-R-bearing mice after combining them with LPS-matured WT1~126-134~ peptide-pulsed BM-derived DCs.^[@bib42]^ Mice receiving splenocytes from animals with WT1-specific T cell responses showed reduced tumor growth compared with control mice, indicating the ability of the combined OVV-CXCR4-A-Fc and PDL treatment to promote the generation of durable antitumor immune responses ([Supplementary Figure S8](#xob1){ref-type="supplementary-material"}). Similarly, tumor-free survival was observed in 10% and 50% of CAOV2-R-bearing SCID mice treated with OVV-Fc and PLD and OVV-CXCR4-A-Fc and PLD, respectively ([Supplementary Figure S9a,b](#xob1){ref-type="supplementary-material"}). These results could be attributed to longer duration of productive viral replication/oncolysis in SCID mice and a direct effect of the CXCR4 antagonist on tumor cells as well as complement-dependent and antibody-dependent cell-mediated cytotoxicities.^[@bib29]^

Discussion
==========

Cancer cells, with a high propensity for mutation, allow drug-resistant clones to emerge in tumors after anticancer drug therapy. This process, combined with the ability of tumors to influence their microenvironment by subverting stromal cells, culminate in treatment resistance, tumor relapse, and therapy failure,^[@bib43]^ suggesting that treatment strategies that can engage the patients' immune defense mechanisms through induction of ICD are important in contemporary cancer therapy. The approval of PLD in 1999, the recent FDA-approval of talimogene laherparepvec (T-VEC) virotherapy, and the ongoing clinical trial NCT02759588 of GL-ONC1 vaccinia virus against platinum-resistant and refractory ovarian cancers, all indicate we are entering a phase where these agents may significantly boost the armamentarium for cancer treatment. Importantly it is clear that platinum-resistant tumors become resistant to PLD used as a second line of treatment.^[@bib44]^ Also, oncolytic viruses are eliminated through induction of antiviral immune responses. Therefore, an effective combination treatment requires a well-coordinated strategy that would (i) synergistically augment tumor cell killing with simultaneous induction of ICD, (ii) reduce intratumoral recruitment of immunosuppressive elements in favor of immunostimulatory signals (*i.e.*, IL-12), and (iii) enhance local tumor-specific T cell accumulation to overcome a non-T-cell-inflamed TME to induce potent and durable antitumor immune responses. Here, we have demonstrated that ICD-inducing combination treatment consisting of OVV-CXCR4-A-Fc followed by PLD in PTX- and CBDCA-resistant ovarian tumor-bearing syngeneic mice significantly increased overall survival compared with single treatment modalities and reversed the immunosuppressive phenotype of the TME while promoting antitumor immunity.

Vaccinia virus can be considered as a suitable oncolytic virus candidate for treatment of drug-resistant ovarian tumors owing to its ability to infect a broad range of cells including CICs,^[@bib36],[@bib45]^ a rapid replication cycle, production of extracellular enveloped virions that evade the immune response,^[@bib46]^ and a capacity to spread to distant metastases following local delivery.^[@bib47]^ However, replication of the virus in CD44-expressing drug-resistant variants has not been systematically explored and the mechanisms by which viral infection and replication is increased in resistant cells are still unclear. Vaccinia entry into target cells is thought to be mediated by glycosaminoglycans such as cell surface heparan sulfate that interacts with A27L viral membrane protein involved in a fusion of the virus to infected cells.^[@bib48],[@bib49]^ As isoforms of CD44 are differentially modified by glycosaminoglycans including heparan sulfate, chondroitin sulfate, and dermatan sulfate,^[@bib50],[@bib51]^ this suggests that higher expression of CD44 on the resistant variants could contribute to enhanced vaccinia infection, which is consistent with our findings. Furthermore, binding of CD44 to its cognate ligand hyaluronan initiates activation of several receptor tyrosine kinases, nonreceptor tyrosine kinases (SRC (Src)), and cytoskeleton linker proteins (reviewed in ref. ^[@bib51]^). This complex cross-talk results in activation of PI3K-Akt and ERK that correlates with tumor progression and drug resistance,^[@bib51],[@bib52]^ which are also known to augment vaccinia replication.^[@bib24],[@bib25]^ These latter findings are supported by at least 10-fold higher viral yields following infection of tumorigenic HeLa cells than those obtained following infection of embryo fibroblasts^[@bib25]^ and requirements of the MEK/ERK pathway for maximal vaccinia replication during productive infection in permissive cells, as both pharmacological and genetic inhibition of MEK/ERK resulted in decreases in viral yield.^[@bib24],[@bib53]^ In addition, the observed downregulation of CD44 expression in ID8-R-infected cells suggests a direct interaction between CD44 and vaccinia (data not shown), and studies are in progress to explore these interactions in drug-resistant clinical specimens derived from patients with epithelial ovarian cancer.

The finding that a synergistic interaction of vaccinia with DOX occurred in both murine and human PTX- and CBDCA-resistant ovarian cancer cell lines implies that common pathways may mediate the effect. Our results differed from those of Siurala *et al*., reporting DOX-mediated increases in adenoviral replication in human and hamster soft-tissue sarcoma cells.^[@bib20]^ In our studies, DOX inhibited OVV-mediated killing when added before the virus. This could be related to the ability of anthracyclines to stimulate the rapid production of Type 1 IFNs,^[@bib19]^ which in turn upregulates a large number of IFN-stimulated genes (*ISGs*)^[@bib54]^ with antiviral activities, including Myxovirus resistance (*MX*) genes (reviewed in ref. ^[@bib55]^). Therefore, the current findings suggest that ordering of OVV/DOX combination treatments may be specific to the selected virus, the chemosensitivity profile, and/or phenotype of the targeted tumor cells. An exogenous supply of Type 1 IFNs was also shown to restore the chemotherapeutic responses to DOX in *Tlr3*^−/−^ but not *Ifnar2*^−/−^ sarcomas growing in mice,^[@bib19]^ which was associated with robust *MX1* expression, consistent with improved chemotherapeutic responses to anthracyclines in patients with breast cancer who have poor prognosis.^[@bib19]^ Thus, the vaccinia-induced IFN-β in tumor cultures could explain the augmented responses to DOX characterized by higher expression of CRT and phagocytosis of tumor cell debris by DCs. The latter events are also necessary for complete DC activation and CD8^+^ T cell priming against tumor antigens.^[@bib56; @bib57; @bib58]^ Although the exposure of CRT on the cell surface of tumor cells is an important factor in determining immunogenicity of dying tumor cells,^[@bib59],[@bib60]^ a still-unresolved issue surrounding tumor growth involves the role that the immune system plays in resisting or eradicating the formation and progression of tumors.^[@bib43]^ During this process, cancer cells may paralyze infiltrating CTLs by secreting immunosuppressive factors^[@bib61]^ or by more subtle mechanisms that operate through the recruitment of immunosuppressive elements, including MDSCs and Tregs. The finding that combined CXCR4 antagonist-expressing virus and PLD inhibited intratumoral recruitment of MDSCs and Tregs while inducing antitumor immunity and tumor-free survival supports the latter argument. It is noteworthy that the ID8-R variants have been generated from parental tumor cells, which were recovered from syngeneic recipients. Herein, many distinct mechanisms of tumor cell escape from the immune system could contribute to outgrowth of the tumor mass, which may then display an altered cell phenotype.^[@bib62]^ Therefore, the ability of ID8-R tumor cells to generate spontaneous WT1-specific immune responses after treatment with OVV-CXCR4-A-Fc and PLD raises the possibility that the combination treatment with the armed oncolytic virotherapy and PLD rendered the tumor cells immunogenic by treatment-induced ICD while the suppressive elements in the tumor stroma have been compromised through our interventions. Alternatively, it is also conceivable that the *in vivo* selection process altered an immunogenic phenotype of the drug-resistant variants by changing expression levels of some tumor-associated antigens.

In conclusion, we have demonstrated that vaccinia virus expressing the CXCR4 antagonist synergizes with DOX in killing PTX- and CBDCA-resistant variants of ovarian cancer and inhibits metastatic spread of the tumor by reducing tumor load and induction of antitumor immune responses as depicted in [Figure 7](#fig7){ref-type="fig"}. The challenge for future investigation is to apply this strategy to the treatment of platinum-resistant or refractory human ovarian carcinomas in order to determine whether this combination can both engage the patient's immune system to promote *de novo* antitumor immune responses as well as to augment existing antitumor immunity.

Materials and Methods
=====================

Animals and cell lines
----------------------

Female C57BL/6 and C.B-Igh-1b/IcrTac-Prkdc SCID mice, 6--8 weeks of age were obtained from Charles River (Wilmington, MA) and the Laboratory of Animal Resources at Roswell Park Cancer Institute (RPCI), Buffalo, NY, respectively. Experimental procedures were performed in compliance with protocols approved by the Institutional Animal Care and Use Committee of the RPCI. The parental ID8 mouse ovarian epithelial cells derived from spontaneous malignant transformation of C57BL/6 MOSE cells.^[@bib63]^ The parental CAOV2 cell line was obtained from a collection maintained by the RPCI Department of Gynecologic Oncology. The genetic authenticity of CAOV2 cells was determined using microsatellite marker analysis^[@bib64]^ and the methylation status of the insulator protein CTCF within the insulin-like growth factor-II/H19 imprint center.^[@bib65]^ The drug-resistant ID8-R and CAOV2-R variants were generated by isolating tumor cells from ascites of tumor-bearing syngeneic and SCID mice, respectively, which had been challenged with pFU-Luc2-Tomato lentiviral vector-transduced ID8-T and CAOV2 tumors^[@bib36]^ and treated daily with 35 µmol/kg of PTX delivered i.p. for a period of 1 week. Subsequently, the tumor variants were cultured in the presence of PTX (35.4 nmol/l for ID8 and 118 nmol/l for CAOV2) for 3 months until they gained a PTX-resistant phenotype. Interestingly, the PTX-resistant variants also acquired cross-resistance to CBDCA (2.6 µmol/l). Then, both cell lines were maintained in culture media supplemented with 59 nmol/l PTX and 2.6 µmol/l CBDCA, resulting in ID8-R and CAOV2-R variants. Human HuTK^-^ 143 fibroblasts, human cervical carcinoma HeLa cells, and African green monkey cell line CV-1 were obtained from the American Type Culture Collection (Manassas, VA).

Viruses
-------

All vaccinia viruses used in this study are of the Western Reserve strain with disrupted thymidine kinase and vaccinia growth factor genes for enhanced cancer cell specificity. The generation and characterization of OVVs expressing the EGFP, Fc portion of murine IgG2a and the CXCR4 antagonist consisting of the eight amino acids corresponding to the N-terminal sequence of CXCL12 with modified P to G (KGVSLSYR) expressed in the context of murine (Fc) or human (hFc) fragment of IgG with disulfide bonds in a hinge region for preservation of a dimeric structure present in the CTCE-9908 template (KGVSLSYR-K-RYSLSVGK)^[@bib39]^ have been described.^[@bib29],[@bib36]^

Cytotoxicity assays
-------------------

Cells plated in 96-well plates were infected with serial dilutions of OVV-EGFP, OVV-Fc or treated with increasing doses of DOX (Sigma Aldrich, St. Louis, MO). For combination treatments, DOX was added at serial dilutions 12 hours after viral infection, together with the virus, or 12 hours before the infection. Cell survival was determined by 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT; Sigma) assays after 48 hours as described.^[@bib45]^ Cell survival was calculated using the following formula: % cell survival = (absorbance value of treated cells / absorbance value of untreated control cells) × 100%.

Viral replication
-----------------

Tumor cells seeded into six-well plates were infected with OVV-EGFP at MOI = 1 and incubated at 37°C for 2 hours. Then, the infection medium was removed and cells were incubated in fresh medium until cell harvest at 24, 48, and 72 hours postinfection. In some experiments, DOX was added 12 hours after viral infection. Viral particles from the infected cells were released by performing a quick freeze-thaw cycle and the titer was determined by plaque assays on CV-1 cell monolayers and recorded as PFU/million cells. EGFP expression in virally-infected cultures was analyzed by flow cytometry or under fluorescent microscope (Zeiss Axiovert 40 CFL, 10 × 10) 24 hours after the infection.

Tumorigenicity assays and immunogenicity of dying tumor cells
-------------------------------------------------------------

Bulk cultures of parental and drug-resistant ID8 and CAOV2 tumor cells were injected i.p. using different numbers (5 × 10^4^-- 5 × 10^6^) into either syngeneic C57BL/6 or SCID mice (*n* = 5--8) and monitored for tumor growth. To determine immunogenicity of dying tumor cells, 10^6^ treated ID8-R cells were inoculated subcutaneously (s.c.) in 100 µl of phosphate buffered saline (PBS) into one flank of C57BL/6 six-week-old female mice, and 10^6^ untreated control cells were inoculated into the opposite flank 8 days later. Tumor growth was monitored by measuring s.c. tumors with a microcaliper and determining tumor volume (width × length × width / 2 = mm^3^).

Western blotting
----------------

Cells were starved after reaching 80--90% of confluence when the medium was changed to 1% fetal bovine serum (FBS) and incubated for 12 hours. Cells were solubilized in lysis buffer (Cell Signaling Technology, Danvers, MA) and samples of 25 ìg of total protein, determined by Bradford assay were separated on 4--20% Mini-Protean TGX gels (Bio-Rad Laboratories, Hercules, CA), transferred on to nitrocellulose membranes and incubated overnight with primary Abs against phospho-Akt (Ser473), phospho-Akt (Thr308), phospho-ERK1/2 (Thr202/Tyr204), Akt, ERK1/2 or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Cell Signaling Technology). Bands were developed with horse radish peroxide (HRP)-labeled secondary Abs followed by Clarity Western ECL detection system (Bio-Rad Laboratories). Signal quantification was performed by densitometry analysis using a ChemiDoc MP imager and Image Lab software version 5.2.1 (Bio-Rad Laboratories).

The effect of DOX on expression of vaccinia virus antigens in infected cultures (MOI = 10) was analyzed 24 hours after the treatment. Cell lysates (25 μg/sample) were separated by sodium dodecyl sulfate (SDS)/polyacrylamide gel electrophoresis (PAGE) (10% gel), transferred on to nitrocellulose membranes, and incubated for 2 hours with OVV-specific mouse antiserum (1:2,000 dilution), prepared by immunizing C57BL/6 mice three times with 10^8^ PFU of OVV-Fc, or normal mouse serum as control. After washing, the membranes were incubated with HRP-labeled secondary antibody.

Preparation of media collected from virally-infected cells (CVN media)
----------------------------------------------------------------------

Tumor cells were infected with OVV-EGFP at MOI of 1, and media collected 24 hours later were filtered and treated with UV light (365 nm for 3 minutes) in the presence of 10 μg/ml psolaren to inactivate the virus.^[@bib66]^ A plaque assay was used to confirm lack of viral replication. Medium collected from uninfected cultures was used as a control. In some experiments, IFN-β levels in culture media were measured by ELISA (R&D Systems, Minneapolis, MN) according to the manufacturer's protocol.

Generation of BM-derived DC and *in vitro* phagocytosis assays
--------------------------------------------------------------

BM cells were flushed from the tibias and femurs of C57BL/6 mice with culture medium composed of Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% heat-inactivated fetal calf serum (FCS; Invitrogen, Carlsbad, CA), sodium pyruvate, 50 μmol/l 2-mercaptoethanol (Sigma), 10 mmol/l *N*-2-hydroxyethylpiperazine-*N9-2*-ethanesufonic acid (HEPES) (pH 7.4), and penicillin/streptomycin (Invitrogen). After one centrifugation, BM cells were resuspended in Tris-ammonium chloride for 2 minutes to lyse red blood cells. After one more centrifugation, BM cells (1 × 10^6^ cells/ml) were cultured in medium supplemented with 10 ng/ml GM-CSF at 37°C for 6 days. The medium was replenished every 2--3 days. After 7 days, the nonadherent and loosely adherent cells were harvested, washed, and cocultured with cell tracker-blue CMF~2~HC (Thermo Fisher Scientific, Grand Island, NY)-labeled tumor cells (1:1 ratio) for 12 hours. At the end of the incubation, cells were harvested with versene, pooled with nonadherent cells present in the supernatant, washed and stained with CD11c-APC antibody. Phagocytosis was assessed by fluorescence-activated cell sorting (FACS) analysis of double positive cells.

Treatment of established tumors
-------------------------------

C57BL/6 mice (*n* = 6--10) were injected i.p. with 2 × 10^5^ ID8-R cells, whereas SCID mice (*n* = 6) were injected i.p. with 2 × 10^6^ CAOV2-R cells. Treatment with OVV-CXCR4-A-Fc or OVV-Fc (10^8^ PFU delivered i.p.) was initiated 10 days later. In parallel experiments, tumor-bearing mice were treated with PLD alone (10 mg/kg, delivered i.v.) or PLD combined with OVV (delivered 8 days before, simultaneously of after virus injection). Tumor progression was monitored by bioluminescence imaging using the Xenogen IVIS Imaging System (PerkinElmer, Waltham, MA) after i.p. injection of 200 µl of Luciferin-D (150 mg/kg, Biosynth International, Itasca, IL). For experiments in CAOV2-R-challenged SCID mice, animals were treated with lower titers of the virus (2.5 × 10^7^ PFU) and concentrations of PLD (5 mg/kg). Control mice received PBS or UV-inactivated virus. At the end of the experimental period corresponding to the development of bloody ascites in control mice, the tumor-bearing mice were sacrificed and organs were examined for tumor development and metastatic spread. Tumor and stromal cells were obtained from centrifuged cell pellets of ascites or peritoneal fluids collected from tumor-bearing mice after injection of 1 ml of PBS.

For adoptive transfer studies, C57BL/6 mice were injected s.c. with 10^5^ ID8-R tumor cells and treated 10 days later (tumor volume \~100 mm^3^) by i.v. injection of 2 × 10^7^ splenocytes from tumor-bearing control mice or tumor-free mice with detectable WT1-specific immune responses after treatment with the OVV-CXCR4-A-Fc and PLD combination. Before the adoptive transfer, splenocytes were combined with LPS-matured WT1~126-134~ peptide-pulsed BM-derived DCs (20:1) ratio as described.^[@bib42]^ Tumor growth was monitored by measuring s.c. tumors once to thrice a week with a microcaliper and determining tumor volume (width × length × width / 2 = mm^3^).

Flow cytometry
--------------

Parental and drug-resistant ID8 tumor cells were analyzed by staining of single-cell suspensions with rat mAb against mouse CD44-PerCP-Cy5.5, whereas human CAOV2 tumor cells and their resistant variants were stained with mouse mAb against human CD44-PE (BD Pharmingen, San Jose, CA). The expression of CXCR4 on the surface of tumor cells was analyzed with rat mAb against mouse CXCR4-APC (BD Pharmingen) or human CXCR4-APC (eBioscience, San Diego, CA). The induction of apoptosis/necrosis in the resistant tumor cells treated with OVV-Fc (MOI = 1), DOX (1 µmol/l) alone or in combinations was assessed by staining with Annexin V-FITC and LIVE/DEAD fixable violet (Thermo Fisher Scientific) according to manufacturer's instruction. In some experiments, induction of apoptosis/necrosis was analyzed after incubating the resistant tumor cells for 24 hours with the CXCR4-A-Fc fusion proteins (100 µg/ml) isolated from culture supernatant of infected cells by protein G column as described.^[@bib29]^ Cultures incubated with the Fc portion of murine IgG2a served as control. Tumor cells were analyzed for cell surface expression of ecto-CRT by staining with rabbit antimouse CRT mAb (Abcam, Cambridge, MA) followed by staining with APC-conjugated goat antirabbit secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The prevalence of SP cells in the parental and drug-resistant ID8 and CAOV2 cultures was determined on single-cell suspensions stained with Hoechst 33342 dye (Sigma) at a concentration of 5 µg/ml (37^o^C for 2 hours) as described.^[@bib27]^ Cell analysis was performed on a LRS II flow cytometer (BD Biosciences, San Jose, CA). After excitation of the Hoechst dye at 350 nm and measurement of the fluorescence profile in dual-wavelength analysis (405/30 nm and 670/40 nm), the SP was defined as described.^[@bib67]^

The phenotypic analysis of G-MDSCs, Tregs, DCs, inflammatory monocytes/macrophages expressing IL-12 or IL-10, and CD8^+^ T lymphocytes were performed on single-cell suspensions prepared from peritoneal fluids collected 8 days after all treatments. The cells were stained with rat mAbs against mouse CD11b-APC, Ly6G-PE, Ly6C-FITC, CD45-APC-Cy7, CD4-PECy5, CD25-FITC, CD8-PECy5, IFN-γ-PE, CD11c-APC, CD86-FITC (BD Pharmingen), and Foxp3-AlexaFluor 647 (eBioscience), and F4/80-FITC (BioLegend, San Diego, CA). Percentages of CD8^+^ T cells expressing IFN-γ or CD4^+^ T cells expressing Foxp3 were determined by intracellular staining using BD Pharmingen Transcription Factor Buffer Set (BD Biosciences) according to the manufacturer's protocol. Percentages of CD11b/F4/80^+^ macrophages expressing IL-12 or IL-10 were determined by intracellular staining with rat mAb against mouse IL-10-PE (BD Pharmingen) and antih/m IL-12/ILp35-PE Ab (R&D Systems). To determine the percent of WT1~126-134~/H-2D^b^ tetramer-specific CD8^+^ tumor-associated T lymphocytes, cells were stained with rat antimouse CD8-PECy5 mAb and a PE-labeled WT1~126-134~/H-2D^b^ tetramer (MHC Tetramer Production Facility, Baylor College of Medicine, Houston, TX). Immune cells were gated on CD45^+^ viable cells for the analysis. For tetramer analysis, lymphocytes were also gated on cells that were negative for CD11b and Gr1 expression. Background staining was assessed using isotype control antibodies. Before specific antibody staining, cells were incubated with Fc blocker (anti-CD16/CD32 mAb) for 10 minutes followed by Live/Dead Fixable Violet Dead Cell stain kit (Thermo Fisher Scientific) to assess live/dead cells, and analyzed on a LRS II flow cytometer (BD Biosciences). Data analysis was performed using WinList 3D 7.1 (Verity Software House, Topsham, ME).

Statistical analysis
--------------------

All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA). Unless otherwise noted, data are presented as mean ± SD (standard deviation), combined with unpaired, two-tailed Student's *t*-test. Kaplan--Meier survival plots were prepared and median survival times were determined for tumor-challenged groups of mice. Statistical differences in the survival across groups were assessed using the log-rank Mantel--Cox method. The threshold for statistical significance was set to *P* \< 0.05.
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![Phenotypic characterization of ID8-R and CAOV2-R ovarian tumor cells and their parental counterparts. Flow cytometry analysis of CD44 (**a**) and CXCR4 (**b**) expression in parental and drug-resistant variants was performed on single-cell suspensions with specific mAbs. Background staining was assessed using isotype control Abs. Data are from one representative experiment of three performed. (**c**) Susceptibility of ID8-R and CAOV2-R to vaccinia virus infection. The parental and drug-resistant tumor cells were cultured as a monolayer before infection with OVV-EGFP (MOI = 1). The expression of EGFP in infected cells was examined under an immunofluorescence microscope 24 hours later. Scale bars = 25 µm. One representative experiment of three performed is shown. (**d**) The number of EGFP-expressing cells in each culture was determined by examining single-cell suspensions 24 hours after infection by flow cytometry analysis. Background staining depicts uninfected controls. One representative experiment of four independent experiments performed is shown. (**e**) Replication of OVV-EGFP in different cultures was determined by titrating viral particles released from the infected cells at different time points by plaque assays in CV-1 cell monolayers. Results are presented as the mean of plaque forming units (PFU)/million cells ± SD of three independent experiments performed in duplicate. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001. (**f**) Phosphorylation levels of Akt and ERK1/2 in tumor cells were determined by Western blotting with antiphospho-Akt(S473-P), antiphospho-Akt(T308-P) and antiphospho-ERK1/2 (Thr202/Tyr204) Abs. Antitotal Akt and antitotal ERK1/2 Abs were used as internal controls and anti-GAPDH Ab was used as a loading control. Bands were developed with HRP-labeled secondary Abs followed by Clarity Western ECL detection system. Representative blot from one experiment out of three performed is shown. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MOI, multiplicity of infection; OVV-EGFP, oncolytic vaccinia virus expressing the enhanced green fluorescence protein.](mto201634-f1){#fig1}

![Cytotoxicity of vaccinia virus and DOX used alone or in combination. Cells plated in 96-well plates were treated with serial dilutions of OVV-EGFP (**a**) or DOX (**b**). Cell survival was determined after 72 hours by 3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay and calculated using the following formula: % cell survival = (absorbance value of treated cells/absorbance value of untreated control cells) **×** 100%. Each data point was generated from triplicate samples repeated twice. Results are presented as mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001. The effect of combination treatments of vaccinia virus and DOX against parental (**c**) and resistant (**d**) ID8 and CAOV2 tumor cells. The virus (EC~50~) was added 12 hours before treatment with serial dilutions of DOX (left panel), together with DOX (middle panel), or 12 hours after DOX (right panel). Cell survival was determined after 72 hours by MTT assay. Each data point was generated from triplicate samples repeated twice. Results are presented as mean ± SD. DOX, doxorubicin; OVV-EGFP, oncolytic vaccinia virus expressing the enhanced green fluorescence protein.](mto201634-f2){#fig2}

![Efficacy of oncolytic virotherapy and PLD treatment used alone and in combination against i.p. growth of ID8-R in syngeneic mice. (**a**) C57BL/6 mice (*n* = 6 --10) were injected i.p. with 2 × 10^5^ ID8-R cells. Oncolytic virotherapy with OVV-Fc (10^8^ PFU delivered i.p.) alone or in combination with PLD (10 mg/kg delivered i.v.) was initiated 10 days later. In parallel experiments, tumor-bearing mice were treated with PLD, or PLD was delivered to tumor bearing mice 8 days before or after virotherapy treatment. Control mice were treated with PBS. (**b**) Tumor progression was monitored by bioluminescence imaging using the Xenogen IVIS Imaging System. Data points represent mean ± SD. (**c**) Survival was defined as the point at which mice were killed because of extensive tumor burden. Kaplan--Meier survival plots were prepared and significance was determined using the log-rank method. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. OVV, oncolytic vaccinia virus; PLD, pegylated liposomal doxorubicin; PBS, phosphate buffered saline; PFU, plaque forming units; SD, standard deviation.](mto201634-f3){#fig3}

![Virally-induced IFN-β expression augments DOX-induced apoptosis associated with increased surface exposure of surface CRT, phagocytosis of tumor cell debris by BM-derived DCs, and immunogenicity. Cell death in ID8-R tumor cells treated with OVV-Fc (MOI = 1), DOX (1 µmol/l) or OVV-Fc followed by DOX (12 hours after infection) was determined by staining with Annexin V-FITC and LIVE/DEAD fixable violet to measure the induction of early apoptosis (Annexin V^+^/LIVE/DEAD fixable violet^−^) and late apoptosis/necrosis (Annexin V^+/−^/LIVE/DEAD fixable violet^+^) by flow cytometry 24 hours later. (**a**) One representative experiment of three independent experiments performed is shown. (**b**) Results are presented as the mean ± SD of three independent experiments. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. (**c**) Culture supernatants were collected from OVV-Fc-infected ID8-R cells, filtered and treated with UV and psolaren (10 µg/ml). Culture supernatants collected from uninfected cells served as controls. The CVN media were added to uninfected ID8-R cultures alone or in combination with DOX and analyzed for induction of early apoptosis. The induction of early apoptosis in cultures treated with the CVN supernatant and DOX alone or in combination was inhibited by IFN-β blocking antibody (0.5 µg/ml). Data points represent mean ± SD of three independent experiments. \**P* \< 0.05, \*\**P* \< 0.01. (**d**) Surface exposure of CRT in ID8-R (left panel) and CAOV2-R (right panel) cultures untreated or treated with OVV-Fc, DOX, or OVV-Fc and DOX combination was determined by flow cytometry after staining with an anti-CRT Ab or an isotype control 24 hours after treatments. Results are presented as mean ± SD of four independent experiments. \*\**P* \< 0.01. (**e**) Phagocytosis of cell-tracker-blue CMF~2~HC-labeled tumor cells treated with OVV-Fc, DOX, or OVV-Fc and DOX combination by DCs was measured after 12 hours by flow cytometry. All tumor cell cultures infected with vaccinia virus were treated with UV and psolaren to eliminate the virus before combining with DCs. Tumor cells receiving UV and psolaren treatment were included as additional controls. The percentages of CD11c-expressing DCs taking up tumor cells are indicated. One representative experiment of three independent experiments performed is shown. (**f**) *In vivo* anticancer vaccination. ID8-R cells cultured as described above were injected in one flank of five C57BL/6 mice per group. This was followed by injection of live tumor cells into the opposite flank 8 days later. Tumor growth was monitored by measuring s.c. tumor growth with microcaliper until control mice were killed due to extensive tumor burden. Results are presented as mean ± SD of five independent experiments. \**P* \< 0.05, \*\**P* \< 0.01. BM, bone marrow; CVN, OVV treatment-conditioned and virus-negative; DOX, doxorubicin; IFN, interferon; MOI, multiplicity of infection; OVV, oncolytic vaccinia virus; SD, standard deviation.](mto201634-f4){#fig4}

![Effect of the CXCR4-A-Fc fusion protein on ID8-R tumor growth. (**a**) Cell death in ID8-R tumor cells treated with soluble CXCR4-A-Fc fusion protein (100 µg/ml) for 24 hours was determined by staining with Annexin V-FITC and LIVE/DEAD fixable violet. Tumor cells treated with soluble Fc fragment of mouse IgG2a serve as controls. One representative experiment of three independent experiments performed is shown. (**b**) C57BL/6 mice (*n* = 8 − 10) were injected i.p. with 2 × 10^5^ ID8-R cells. Oncolytic virotherapy with OVV-CXCR4-A-Fc or OVV-Fc (10^8^ PFU delivered i.p.) was initiated 10 days later. In parallel experiments, tumor-bearing mice were treated with PLD (10 mg/kg) delivered i.v. or PLD was delivered to virally-treated mice 8 days after virus injection. Control mice were treated with PBS. Tumor progression was monitored by bioluminescence imaging using the Xenogen IVIS Imaging System. Data points represent mean ± SD. (**c**) Kaplan--Meier survival plots were prepared and significance was determined using the log-rank method. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. (**d**) Metastatic dissemination in the omentum, diaphragm, mesentery and peritoneal wall was assessed by identifying metastatic colonies (\>5 mm) in individual mice at the time of development of bloody ascites in control mice. Representative images of metastasis within the peritoneal cavity of one mouse from each group are shown. OVV, oncolytic vaccinia virus; PBS, phosphate buffered saline; PFU, plaque forming units; PLD, pegylated liposomal doxorubicin; SD, standard deviation.](mto201634-f5){#fig5}

![Evaluation of immune infiltrates in ascites-derived tumors or peritoneal washes by combination treatments. Frequencies of G-MDSCs (CD11b^+^Ly6C^low^Ly6G^+^) (**a**) Tregs (CD4^+^CD25^+^Foxp3^+^) (**b**) in ascites-derived tumors of control and treated mice were analyzed by flow cytometry as described in the "Materials and Methods" section. Results are presented as mean ± SD of five mice per group. \**P* \< 0.05, \*\**P* \< 0.01. (**c**) The percent of CD11c^+^CD86^+^ DCs and CD11b^+^F4/80^+^ monocytes/macrophages in ascites derived tumors of the same groups of mice as above were analyzed by flow cytometry. The expression of IL-12 and IL-10 in CD11b^+^F4/80^+^ cells was determined by intracellular staining. Data points represent mean ± SD. (**d**) The ratios of IFN-γ-expressing CD8^+^ T cells/Tregs in ascites-derived tumors were determined by intracellular staining with mAbs against IFN-γ-PE and CD8-PECy5 together with mAbs against Tregs (CD4^+^CD25^+^Foxp3^+^) and flow cytometry of five mice per group. Data points represent mean ± SD. \**P* \< 0.05, \*\*\**P* \< 0.001. (**e**) The percent of WT1~126-134~ tetramer-specific CD8^+^ T cells was determined by staining with anti-CD8-PECy5 mAb and PE-labeled H-2D^b^-restricted WT1~126-134~ tetramer. Background staining was assessed using isotype control antibodies. One representative experiment of five mice per group performed is shown. (**f**) Results are presented as mean ± SD of five mice per group. \**P* \< 0.05, \*\*\**P* \< 0.001. IL-12, interluekin-12; IFN, interferon; SD, standard deviation.](mto201634-f6){#fig6}

![Graphical summary of improved long-term tumor-free survival by treatment of drug-resistant ovarian tumors *in vivo* by oncolytic virotherapy followed by PLD. (**a**) Intraperitoneal injection with OVV-CXCR4-A-Fc stimulates anticancer immunity through CXCR4-A-Fc-mediated inhibition of immunosuppressive cell recruitment, releases of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) and immune cell infiltration, while also causing direct cellular cytotoxicity. (**b**) Treatment with PLD inhibits tumor growth through induction of immunogenic cell death, weakly effective in the drug-resistant mutants. (**c**) The synergistic interaction of OVV with PLD augments tumor cell death and inflammation, thus potentially increasing immunogenicity of endogenous tumor-associated antigens (TAAs). Low responses (+), medium responses (++), high responses (+++). OVV, oncolytic vaccinia virus; PLD, pegylated liposomal doxorubicin.](mto201634-f7){#fig7}

###### *In vivo* tumorigenicity of parental and drug-resistant ID8 and CAOV2 cells

  *Cell type*^[a](#t1-fn1){ref-type="fn"}^   *Injection route*   *Mice*    *Cell dose*^[b](#t1-fn2){ref-type="fn"}^   *Tumor formation*^[c](#t1-fn3){ref-type="fn"}^   *Latency days*^[d](#t1-fn4){ref-type="fn"}^
  ------------------------------------------ ------------------- --------- ------------------------------------------ ------------------------------------------------ ---------------------------------------------
  ID8-P                                      i.p.                C57BL/6   5 × 10^6^                                  5/5                                              60.4 ± 4.2
  ID8-P                                      i.p.                C57BL/6   1 × 10^6^                                  1/6                                              72
  ID8-P                                      i.p.                C57BL/6   5 × 10^5^                                  0/5                                              NA^[e](#t1-fn5){ref-type="fn"}^
  ID8-R                                      i.p.                C57BL/6   1 × 10^6^                                  6/6                                              24.1 ± 4.5
  ID8-R                                      i.p.                C57BL/6   2 × 10^5^                                  8/8                                              29.4 ± 3.6
  ID8-R                                      i.p.                C57BL/6   1 × 10^5^                                  4/6                                              38.3 ± 3.1
  ID8-R                                      s.c.                C57BL/6   5 × 10^4^                                  0/5                                              NA
  CAOV2-P                                    i.p.                SCID      5 × 10^6^                                  5/5                                              37.4 ± 4.8
  CAOV2-P                                    i.p.                SCID      3 × 10^6^                                  3/6                                              59.8 ± 3.7
  CAOV2-P                                    i.p.                SCID      1 × 10^6^                                  1/5                                              82
  CAOV2-R                                    i.p.                SCID      2 × 10^6^                                  8/8                                              29.2 ± 6.1
  CAOV2-R                                    i.p.                SCID      1 × 10^6^                                  4/5                                              46.3 ± 9.2
  CAOV2-R                                    i.p.                SCID      5 × 10^5^                                  1/5                                              73

i.p., intraperitoneal; s.c., subcutaneous.

Parental and PTX- and CBDCA-resistant ID8 and CAOV2 tumor cells were injected i.p. at different numbers into syngeneic C57BL/6 or SCID mice and monitored for tumor growth.

No. of cells/injection.

No. of tumors/no. of injections.

Time from injection to the first appearance of ascites. Results are presented as mean ± SD.

NA, not applicable.
